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Abstract: Beneficial microbes typically produce bioactive molecules that can affect the interactions of plants with their 
pathogens. Many secondary metabolites may also have antibiotic properties, which enable the producing microbe to 
inhibit and/or kill other microorganisms i.e. competing for a nutritional niche. Indeed, some of these compounds have 
been found to play an important role in the biocontrol of plant diseases by various beneficial microbes used world-wide 
for crop protection and bio-fertilization. In addition to direct toxic activity against plant pathogens, biocontrol-related 
metabolites may also increase disease resistance by triggering systemic plant defence activity, and/or enhance root and 
shoot growth. Fungi belonging to the Trichoderma genus are well known producers of secondary metabolites with a direct 
activity against phytopathogens and compounds that substantially affect the metabolism of the plant. The widescale 
application of selected metabolites to induce host resistance and/or to promote crop yield may become a reality in the near 
future and represents a powerful tool for the implementation of IPM strategies. 
Keywords: Fungal interactions, plant protection, secondary metabolites, Trichoderma. 
1. INTRODUCTION 
 Considerable crop losses incurred by plant diseases 
caused by phytopathogenic agents. Interest in biological 
control of fungal pathogens has increased recently in order to 
find alternatives to the use of chemicals. Synthetic pesticides 
are costly, pollute the environment and are potentially 
harmful to animals and humans. Furthermore, their repeated 
use promotes the development of chemically resistant 
pathogen strains. 
 The use of microbes for pest management in agriculture 
is one of the most effective strategies of biological control. 
The outcomes of using beneficial microbes are strain 
dependent and the advantages for the associated plant include: 
1) establishment of an antagonistic microbial community in 
the rhizosphere; 2) suppression of pathogens; 3) overall 
improvement of plant health; 4) growth promotion;  
5) increased nutrient availability and uptake, and 6) enhanced 
host resistance to both biotic and abiotic stresses [1-3]. 
 
*Address correspondence to this author at the CNR – Istituto per la 
Protezione Sostenibile delle Piante (IPSP-CNR), Via Università 133, 80055 
Portici, Italy; Tel: +39 081 2539338; Fax: +39 081 2539339;  
E-mail: f.vinale@ipp.cnr.it 
 The modes of action of beneficial microbes include: 
inhibition or parasitism of pathogens by using antibiotics 
often in combination with extracellular cell wall-degrading 
enzymes; competition for nutrients (i.e. iron, nitrogen or 
carbon) in colonization sites; stimulation of plant resistance 
mechanisms and development [4, 5]. 
 Although not essential for their primary metabolic 
processes, microbes, and particularly fungi, produce various 
secondary metabolites (SMs), including compounds of 
industrial and economic relevance [6]. SMs are chemically 
different natural compounds of relatively low molecular 
weight (in most cases < 3 kDa), that are mainly produced by 
microorganisms and plants and typically associated to 
individual genera, species or strains. SMs are biosynthesized 
from primary metabolites in specialized pathways (i.e. 
polyketides or mevalonate pathways derived from Acetyl 
Coenzyme A, or amino acids) and some genes are clustered 
together. The expression of these genes appears to be 
induced by one or a few global regulators [6]. SMs show 
several biological activities possibly related to survival 
functions of the organism, such as competition against other 
micro- and macroorganisms, symbiosis, and metal transport.  
 In fungi, the production of SMs has been often correlated 
to specific stages of morphological differentiation, and 
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associated to the phase of active growth [7-9]. Their 
distribution ranges from a limited number of related species 
to single strains, indicating the absence of a universal 
function [7-9]. 
 SMs exhibit several biological functions and play an 
important role in regulating interactions between organisms 
[10]. Some example are phytotoxins (SMs produced by 
fungal pathogens that attack plants), mycotoxins (SMs 
produced by fungi that colonize crops capable of causing 
disease and death in humans and other animals), pigments 
(colored compounds also with antioxidant activity) and 
antibiotics (natural products capable of inhibiting or killing 
microbial competitors) [7-9]. However, biological activities 
are not necessarily confined to one specific group or single 
metabolites [10, 11]. 
 Interestingly, some fungal secondary metabolites can 
modify the growth and the metabolism of plants, while 
others seems to target specific fungal processes such as 
sporulation and hyphal elongation [7]. Microbial metabolites 
are involved in several biological activities having important 
consequences in crop production. This review focuses on the 
main secondary metabolites produced by beneficial fungi 
and their roles in the complex interactions between the 
producing microbe and fungal pathogens or plants. 
2. SECONDARY METABOLITES THAT ARE TOXIC 
TO OTHER FUNGI 
 Fungal SMs have been largely applied in human 
medicine, providing important drugs such as the antibiotics 
penicillin and cephalosporins, the immunosuppressant 
cyclosporine and the antihypercholesterolemic agents 
lovastatin and compactin [12-17]. 
 The involvement of toxic metabolites in plant disease and 
particularly in the interactions between beneficial and 
pathogenic fungi has been conclusively demonstrated by 
several studies [18]. Antibiotic production by antagonistic 
fungi is a well-documented phenomenon and often related to 
the strain biocontrol ability [19, 20]. 
 Biocontrol isolates belonging to Trichoderma genus are 
well known producers of SMs that are toxic for 
phytopathogenic fungi [21, 22]. The following paragraphs 
reports the most significant SMs isolated from Trichoderma 
spp. that have shown a significant antifungal activity. 
Pyrones 
 The pyrone 6-pentyl-2H-pyran-2-one (6-pentyl--pyrone 
or 6PP – Fig. 1) is a metabolite commonly purified in the 
culture filtrate of different Trichoderma species (T. viride,  
T. atroviride, T. harzianum, T. koningii) and is responsible 
for the coconut aroma released by axenically developed 
colonies. 6PP has shown both in vivo and in vitro antifungal 
activities towards several plant pathogenic fungi and a strong 
relationship has been found between the biosynthesis of this 
metabolite and the biocontrol ability of the producing 
microbe [23, 24]. 
 6PP biosynthesis in T. atroviride “is regulated by the G 
protein Tga1; other uncharacterized metabolites, however, 
are overproduced in tga1 mutants” [25]. The transcription 
factor Thctf1 also regulates the biosynthesis of 6PP in  
T. harzianum. Chromatographic and spectroscopic analyses  
 
 
Fig. (1). Chemical structure of: 1-6-pentyl-a-pyrone; 2. cytosporone S; 3,4,5,6,7. Koninginins A, B, D, E and G.  
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showed that Thctf1 null mutants did not produce two 
secondary metabolites derived from 6PP (6-[(1R,2S)-
dihydroxypentyl]-2H-pyran-2-one and 6-((1S,2R)-2-
propyloxiran-1-yl)-2H-pyran-2-one) and not previously 
described in the Trichoderma genus, that are present in wild-
type culture filtrates [26, 27].  
 Another pyrone named cytosporone S (Figs. 1-2), 
recently isolated from a Trichoderma sp. strain, has been 
reported to have in vitro antibiotic activity against several 
bacteria and fungi [28]. 
Koninginins 
 Koninginins are complex pyranes isolated from T. 
harzianum, T. koningii and T. aureoviride. Koninginins A, 
B, D, E and G (Figs. 1; 3-7) showed in vitro antibiotic 
activity towards the take-all fungus Gaeumannomyces 
graminis var. tritici [29, 30]. “Koninginin D (22) also 
inhibited the growth of other important soil-borne plant 
pathogens, such as Rhizoctonia solani, Phytophthora 
cinnamomi, Pythium middletonii, Fusarium oxysporum and 
Bipolaris sorokiniana” [31]. 
Viridins 
 The steroidal metabolite viridin (Figs. 2-8) is an 
antifungal compound isolated from diverse Trichoderma 
spp. (T. koningii, T. viride, T. virens) [32, 33]. This molecule 
prevents spore germination of Botrytis allii, Colletotrichum 
lini, Fusarium caeruleum, Penicillium expansum, Asper-
gillus niger and Stachybotrys atra [21, 34]. 
 T. viride, T. hamatum and certain Gliocladium species 
produce viridiol (Figs. 2-9), a similar antifungal and 
phytotoxic metabolite for which the in vivo activity has been 
demonstrated [35, 36]. 
 
Fig. (2). Chemical structure of: 8 viridin; 9 viridiol; 10 harzianopyridone; 11 harzianic acid; 12 T22azaphilone. 
 
Fig. (3). Chemical structure of: 13 Harzianolide; 14 T39butenolide; 15 deydro-harzianolide; 16 cerinolactone; 16 Dermadin;  
18 trichoviridin; 19 homothallins. 
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 “A transcriptional comparison of wild type and a viridin 
and viridiol deficient T. virens mutant resulted in the 
identification of six genes similar to those involved in 
secondary metabolism of other fungi. Four of these genes 
(three cytochrome P450s and a cyclase) are located as a 
cluster that is associated with the production of viridin” [37]. 
Nitrogen Heterocyclic Compounds 
 Harzianopyridone (Figs. 2-10), a T. harzianum 
metabolite containing a penta-substituted pyridine ring 
system with a 2,3-dimethoxy-4-pyridinol pattern, is a potent 
antibiotic active against Botrytis cinerea, R. solani [38], G. 
graminis var. tritici and Pythium ultimum [39]. 
 Recently, a new compound named harzianic acid and 
characterized by the presence of a pyrrolidindione ring 
system (Figs. 2-11) has been isolated from a T. harzianum 
strain. This tetramic acid derivative showed in vitro 
antibiotic activity against Pythium irregulare, Sclerotinia 
sclerotiorum and R. solani [40]. 
 
Azaphilones 
 The azaphilones are natural products containing a highly 
oxygenated bicyclic core and a chiral quaternary center. A 
new azaphilone, named T22azaphilone (Figs. 2-12), that 
showed in vitro a marked growth inhibition of several plant 
pathogens (R. solani, P. ultimum and G. graminis var. tritici) 
has been isolated from liquid culture of T. harzianum T22 
[39]. 
Butenolides and Hydroxy-Lactones 
 Harzianolide (Figs. 3-13) and its derivatives, T39bute-
nolide (Figs. 3-14) and deydro-harzianolide (Figs. 3-15), 
have been isolated from different strains of T. harzianum 
[29, 39, 41, 42]. The in vitro antifungal activities of these 
SMs was demonstrated against several phytopathogenic 
agents [29, 39]. 
 A novel hydroxy-lactone derivative, named cerinolactone 
(Figs. 3-16), has been isolated from culture filtrates of  
 
 
 
Fig. (4). Chemical structure of: 20 gliotoxin; 21 gliovirin; 22 chaetomin; 23 bigutol. 
 
Fig. (5). Chemical structure of: 24 macrosphelide A; 25 3(2H)-benzofuranones A; 26 3(2H)-benzofuranones B; 27 chromanes A;  
28 chromanes B; 29 chromanes C; 30 coniothyriomycin. 
N N
O
O
OH
H
CH2OH
S
S
20
O
N
O
N
OH
H
OCH3
OCH3
HO
O
O
H
S
S
H H
21  
N
N
O
O
CH2OH
S
SN
N N
O
O CH2OH
S
SNH H
22            
OH
OH
HO
23  
O
O
OH
R
25 R=H
26 R=OH
O
OH
RR' R''
27 R=bOH; R'+R''=O
28 R=aOH; R'+R''=O
29 R=BOH; R'=H R''=OH
N
O
O O
H O
Cl
OH
30  
Trichoderma Secondary Metabolites Active The Open Mycology Journal, 2014, Volume 8     131 
T. cerinum. The isolated compound showed in vitro 
antifungal activity against P. ultimum, R. solani and B. 
cinerea [43]. 
Isocyano Metabolites 
 Trichoderma spp. also produce isocyano metabolites that 
have a characteristic 5-membered ring. However, the 
isolation and separation of these compounds is very difficult 
due to their instability [21]. Dermadin (Figs. 3-16’) from  
T. viride [44, 45], T. koningii [46] and T. hamatum [47] is an 
antibiotic metabolite that was patented in 1971 [48]. The 
isonitrile trichoviridin (Figs. 3-18) isolated from T. koningii 
[46-49] and T. viride showed in vitro antibiotic properties 
[50]. Several dermadin and trichoviridin analogous have also 
been isolated. Interestingly, T. koningii produces various 
cyclopentenes isocyano metabolites named homothallins 
(Figs. 3-19) that affect the morphology of of Phytophthora 
spp. [21]. 
Diketopiperazines 
 Gliotoxin (Figs. 4-20) and gliovirin (Figs. 4-21) are the 
two most important Trichoderma secondary metabolites 
belonging to this class of compounds. “P group strains of 
Trichoderma (Gliocladium) virens produce the antibiotic 
gliovirin which is active against P. ultimum, but not against 
R. solani. Strains of the Q group produce gliotoxin, which is 
very active against R. solani, but less against P. ultimum” 
[51]. In seedling bioassay tests, strains of the P group were 
able to effectively control Pythium damping off on cotton, 
while Q group strains gave better results towards the same 
disease caused by R. solani [52, 53]. These studies clearly 
indicate the potential role of antibiotic production in the 
biocontrol mechanism of the gliotoxin/gliovirin producers. 
 “The T. virens veA ortholog vel1 (VELVET protein Vel1) 
is involved in regulation of gliotoxin biosynthesis, biocontrol 
activity and many other secondary metabolism-related 
genes” [54, 55]. Moreover, deletion of the 4-phospho-
pantetheinyl transferase in T. virens resulted in a mutant that 
failed to induce resistance in Arabidopsis and inhibit 
pathogenic fungi through the production of antibiotics [56]. 
Peptaibols 
 Peptaibols are linear peptides rich in non-proteinogenic 
amino acids (i.e. -aminoisobutyric acid and isovaline), 
acetylated at the N-terminal group and the C - terminus is an 
amino alcohol (i.e. phenylalaninol, valinol, leucinol, 
isoleucinol or tryptophanol) [57]. Lorito et al. [58] 
“demonstrated that peptaibols inhibited -glucan synthase 
activity in the host fungus, while acting synergistically with 
T. harzianum -glucanases. The inhibition of glucan 
synthase prevented the reconstruction of the pathogen cell 
walls, thus facilitating the disruptive action of -glucanases”. 
The most widely known peptaibol is the T. viride 
alamethicin. The terms peptaibiome and peptaibiomics 
(peptide antibiotics or peptaibiotics) have been suggested to 
describe the analysis and study of all peptaibols expressed in 
an organism or tissue [57] using spectrometric methods, like 
LC/ESI-MS
n
 [59] or intact-cell MALDI-TOF [60]. Large 
multifunctional enzymes known as peptide synthetases 
assemble peptaibols (non-ribosomal biosynthesis) by the 
multiple carrier thiotemplate mechanism from a remarkable 
range of precursors, which can be N-methylated, acylated or 
reduced [61]. 
 The role of toxic metabolites during the fungus-fungus 
interaction has been demonstrated also for Chaetomium 
globosum. The ability of several C. globosum strains to 
produce chaetomin (Figs. 4-22) was correlated with the 
ability to suppress Pythium damping off of sugar beet in 
pasteurized soil. Activity of chaetomin on P. ultimum was 10 
times higher than that of the Trichoderma diketopiperazine 
gliotoxin [62]. 
 Two antifungal metabolites (particularly against R. 
solani) named bigutol (Figs. 4-23) and its derivative 
methylbigutol, were isolated from three isolates of the 
mycoparasite Verticillium biguttatum [63]. 
 Coniothyrium minitans, a mycoparasite of Sclerotinia 
sclerotiorum and S. cepivorum sclerotia, produced four 
closely related metabolites able to inhibit fungal growth. The 
main compound, identified as macrosphelide A (Figs. 5-24), 
inhibited in vitro the mycelial growth of S. sclerotiorum and 
S. cepivorum also at very low concentrations [64]. 
 Two 3(2H)-benzofuranones and three chromanes (Figs. 
5; 25-29) were isolated from another strain of C. minitans 
when the fungus was grown in artificial medium where the 
only carbon source was sterilized and ground sclerotia of  
S. sclerotiorum [65]. 
Finally, the coniothyriomycin (Figs. 5-30) isolated from a 
Coniothyrium sp. showed remarkable fungicidal activities 
[66]. 
3. METABOLITES THAT INHIBIT BIOACTIVE 
MOLECULES MADE BY THE OTHER FUNGI  
 Regarding secondary metabolites produced by beneficial 
fungi that inhibit bioactive molecules made by other fungi, 
only few examples are reported in literature. Examples of 
“SMs inhibitors” eventually relevant for biocontrol 
applications include the following compounds that act 
towards phytopathogenic fungi at specific infection stages. 
They may be produced by certain antagonistic and 
endophytic fungi also in pure culture [67]. Flaviolin  
(Figs. 6-31) is a non-toxic inhibitor of conidium germination 
in Magnaporthe grisea, that was isolated from liquid 
cultures of an unidentified Ascomycete [67]. This substance 
accumulates as an oxidized intermediate product of melanin 
biosynthetic pathway, especially in the presence of inhibitors 
of the 1,3,6,8-tetrahydroxynaphthalene reductase such as the 
commercial fungicide tricyclazole. Similarly, another 
selective inhibitor of conidium germination in M. grisea that 
showed no effects on vegetative growth is tenuazonic acid 
(Figs. 6-32), obtained from cultures of an endophytic 
Cladosporium sp. [67]. 
 Four glisoprenins were purified from cultures of the 
antagonistic fungi Clonostachys rosea as inhibitors of 
appressorium formation in M. grisea. The most active of 
them was glisoprenin C (Figs. 6-33) [68, 69]. 
 Appressorium formation in M. grisea was also 
specifically inhibited by the neobulgarones A–F, six dimeric 
anthraquinone derivatives isolated from mycelium of the 
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ascomycete Neobulgaria pura with neobulgarone D, 34 in 
Fig. (6), the most active compound [70]. 
 Several non-toxic natural products, like scytalol D  
(Fig. 6-35), from the anamorphic fungus Scytalidium sp. [71] 
and cerulenin (Fig. 6-36) from Cephalosporium caeruleus 
[72], inhibited melanin biosynthesis, a very important process 
for the formation of an effective fungal appressorium [67]. 
 Detoxification of fungal toxins by beneficial 
microorganisms also represents an interesting possibilities 
for disease management. Pure cultures of fungi able to 
detoxify mycotoxins have been obtained from complex 
microbial populations by using enrichment culture 
techniques [73]. In particular, T. viride and other fungal 
species were able to degrade aflatoxin B1 [74]. Moreover,  
T. harzianum hydrolases were able to degrade aflatoxin B1 
(AFB1) and Ochratoxin A (OTA) in vitro. The mycotoxin 
content in corn flour inoculated with 100 ppb of AFB1 was 
reduced by up to 30% after treatment with fungal culture 
filtrates. The enzymatic mixture was separated by gel 
filtration and fractions with a molecular weight of 
approximately 100 kDa showed the maximum capacity of 
mycotoxin degradation [75]. 
 In substrates with high C/N ratios, T. virens (formerly 
Gliocladium virens) produced a metabolite similar to the 
antibiotic viridin (Fig. 2-8), called viridiol (Fig. 2-9), that 
acts as a plant growth inhibitor [36]. This compound, 
isolated also from T. hamatum, inhibited the 5’-
hydroxyaverantin dehydrogenase, an enzyme included in 
aflatoxin biosynthesis, thus reducing or completely blocking 
the production of this mycotoxin during the fungal 
interactions [76, 77]. 
 Elad et al. [78] found that mycoparasitism or antibiosis 
were not the main biocontrol mechanisms of T. harzianum 
strain T39 against B. cinerea. These authors indicated that 
the antagonist interferes with the infection process by 
affecting the pathogen conidia in the early stages of the 
interaction. They suggest that T39 acts directly by inhibiting 
B. cinerea hydrolytic enzymes, or indirectly by blocking 
plant responses that induce enzymatic activity in B. cinerea. 
Subsequently, Elad and Kapat [79] demonstrated that a 
Trichoderma protease is involved in the biocontrol of  
B. cinerea by degrading the hydrolytic enzymes required for 
infection by the pathogen. 
4. METABOLITES THAT SUPPORT COMPETITION 
FOR NUTRIENTS 
 Competition for carbon, nitrogen and iron plays an 
important role during the interactions between beneficial and 
detrimental fungi, and is associated with the biocontrol 
mechanisms of non-pathogenic Fusarium and Trichoderma 
species [3]. 
 “Trichoderma has a strong capacity to mobilize and take 
up soil nutrients, which makes it more efficient and 
competitive than many other soil microbes” [3]. This process 
could be related also to the production of organic acids, such 
as gluconic, citric and fumaric acids, which decrease soil pH 
and allow the solubilization of phosphates, micronutrients 
and mineral cations like iron, manganese and magnesium 
[3]. 
 Iron is a mineral essential nutrient for numerous 
microorganisms, both bacteria and fungi [80]. “As a 
transition metal, redox properties of iron allow it to exist in 
two oxidation states, ferrous (Fe
2+
) and ferric (Fe
3+
) for the 
donation and acceptance of electrons, respectively” [80]. In 
the aerobic environment (with oxygen and neutral pH) iron 
exists mainly as Fe
3+
 and tends to form not soluble 
hydroxides and oxyhydroxides, making it not available for 
microbes growth [80].  
 Microorganisms that excrete siderophores (low-
molecular weight; 200-1000 Da) are able to grow in natural 
environments poor in iron using residual not available iron 
[81, 82]. Most fungi produce various siderophores, which 
help the microbes to overcome adverse conditions. 
 
Fig. (6). Chemical structure of: 31 flaviolin; 32 tenuazonic acid; 33 glisoprenin C; 34 neobulgarone D; 35 scytalol D; 36 cerulenin. 
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Typically, extracellular and intracellular siderophores are 
found in fungi that transport or store ferric iron [81].  
 Secreted metabolites form extracellular Fe(III) 
complexes. “Then, the iron-charged siderophore is taken up 
by ferric-chelate-specific transporters or the siderophore-
bound Fe(III) undergoes reduction to Fe(II), which is 
catalyzed by free extracellular or membrane-standing ferric-
chelate reductases. If not already released extra 
cytoplasmatically, the iron has to be removed from the Fe-
siderophore complex in the cytosol. This is mediated either 
by intracellular ferric-siderophore reductases or, in a few 
cases, by ferric-siderophore hydrolases” [83]. 
 During the steps of iron utilization, the acquired metal is 
transferred through intracellular trafficking pathways, which 
may include diverse storage compartments in order to be 
directed to cofactor assembly systems and to final protein 
targeting [80]. 
 Transport of siderophores is an energy-dependent process 
and is stereoselective, depending on recognition of the metal 
ion coordination geometry. In addition to iron transport, 
siderophores produced by microorganisms have other 
functions and effects, including enhancement of 
pathogenicity, storage of intracellular iron and suppression 
of microbial growth during the competition with other 
microbes [80]. 
 The production of microbial siderophores can be 
beneficial to plants for two reasons: i) siderophores can 
solubilize iron unavailable for the plant; ii) siderophore 
production by non-pathogenic microorganisms can also 
suppress the growth of plant pathogens by depriving them of 
iron sources [84]. 
 The majority of the fungal siderophores isolated so far 
belongs to hydroxamate class and can be divided into three 
structural families: fusarinines, coprogens and ferrichromes 
[85]. Fungi typically produce more than one siderophore, 
even if restricted to a particular family. However, a few 
cases have been reported of fungi able to synthesize 
siderophores from different structural families [86]. 
 In order to study the importance of iron concentration for 
the activity of a T. asperellum strain (T34), Segarra et al. 
[87] analysed the effect of iron during the interaction of T34 
with Fusarium oxysporum f.sp. lycopersici on tomato plants. 
In these experiments “Fe competition is one of the key 
factors for the biocontrol activity of T34 against the 
pathogen, as an increase in Fe concentration in the nutrient 
solution lead to the suppression of T34 siderophore synthesis 
and thus to the inhibition of Fe competition” [87]. Moreover, 
T34-treated plants significantly enhanced plant growth and 
development as compared to control plants at high level of 
Fe (1,000 μM), even though T34 did not reduce the Fe 
content in leaves or stems. In another work T34 increased 
the Fe concentration in the aerial parts of lupin plants grown 
on a calcareous medium. These results clearly indicate a role 
of siderophores during the interaction with the pathogen and 
the plants, although no siderophores have been isolated and 
characterized so far from the culture filtrate of this beneficial 
microbe [88]. 
 Anke et al. [86] isolated siderophores from all different 
structural families simultaneously from a culture filtrate of 
Trichoderma spp. In particular, the culture filtrate of this 
fungus obtained in iron deficiency condition contained 
coprogen, coprogen B, fusarinine C and ferricrocin (Figs. 7; 
37-40). 
 In a recent work a new method for the analysis of iron-
chelating metabolites using LC-HRMS was used to detect 
extracellular siderophores produced by 10 different 
Trichoderma strains. T. harzianum produced the highest 
number of siderophores and did not have any unique 
compounds; while, T. reesei biosynthetized one cis-
fusarinine as the major siderophore and three others that 
were present only in T. harzianum. The data suggest “that 
the high diversity of siderophores produced by Trichoderma 
spp. might be the result of further modifications of the non-
ribosomal peptide synthetase (NRPS) products and not due 
to diverse NRPS-encoding genes” [89]. 
 Recently, the ability of the Trichoderma SM harzianic 
acid (Figs. 2-11) to bind with a good affinity essential metals 
such as Fe
3+
 has been demonstrated [90]. 
5. METABOLITES INVOLVED IN BENEFICIAL 
FUNGUS-PLANT INTERACTIONS 
SMs that Increase Systemic Resistance 
 Several metabolites produced by beneficial fungi are 
involved in the induction of plant resistance, such as:  
i) “proteins with enzymatic activity, i.e. xylanase” [91];  
ii) “avirulence-like gene products able to induce defence 
reactions in plants” [2]; and iii) “low-molecular-weight 
compounds released from either fungal or plant cell walls” 
by specific enzyme activities [2, 92, 93]. “Some of the low-
molecular-weight degradation products released from fungal 
cell walls have been purified and characterized, and found to 
consist of short oligosaccharides comprised of two types of 
monomers, with and without an amino acid residue” [92, 
93]. “These compounds elicited a reaction in the plant when 
applied to leaves or when injected into root or leaf tissues. 
Further, they also stimulated the biocontrol ability of fungi 
such as Trichoderma by activating the mycoparasitic gene 
expression cascade” [92]. 
 Some Trichoderma SMs may act as elicitors of plant 
defence mechanisms against pathogens. A reduction of 
disease symptoms on tomato and canola seedlings treated in 
particular with 6PP (Fig. 1) and inoculated, respectively, 
with the pathogens B. cinerea or Leptosphaeria maculans 
has been reported [94]. Moreover, “soil drench applications 
of 6PP four days before inoculation with Fusarium 
moniliforme showed considerable suppression of seedling 
blight and substantial plant growth promotion, compared 
with the untreated control” [95]. Application of 6PP on 
maize seedlings distinctly enhanced the activities of 
peroxidase, polyphenoloxidase and -1,3-glucanase in both 
shoot and root tissues indicating an induction of defence 
responses in maize plants [95]. 
 Peptaibols are another class of plant defence elicitors 
produced by Trichoderma. Application of alamethicin, a 
long sequence peptaibol with a 20-residue produced by  
T. viride, induced defence responses in Phaseolus lunatus 
(lima bean) [96] and Arabidopsis thaliana [97]. Moreover, 
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disruption of the non-ribosomal peptide synthetases (NRPS) 
gene, tex1, resulted in the loss of production of all forms of 
18-residue peptaibols in T. virens which corresponded to a 
significant reduction of the ability of the fungus to induce 
systemic resistance responses [98]. 
 Recently Mukherjee et al. [99] demonstrated that 
mutation in one of the polyketide synthase/non-ribosomal 
peptide synthetases “(PKS/NRPS) hybrid genes reduces the 
ability of T. virens to induce the defence response gene pal 
(phenylalanine ammonia lyase), suggesting a putative role 
for the associated metabolite” [99] (derived from polyketide 
pathway) product in induced systemic resistance. These 
results provide evidence that a PKS/NRPS hybrid enzyme 
responsible for the metabolite production is involved in 
Trichoderma–plant interactions resulting in induction of 
defence response in maize. 
SMs that Enhance Growth, Development and Yield 
 Many beneficial fungi including some Trichoderma 
species, can increase plant growth, development and yield 
also in the absence of pathogens [100-104]. 
 Several strains belonging to the Trichoderma genus, 
including some used world-wide in agriculture, have been 
found to be able to stimulate plant development, especially at 
the root level (i.e. formation of more lateral roots) by 
activating an auxin-dependent mechanism [105] and/or 
producing indole-3-acetic acid (IAA) or auxin analogues 
[106]. 
 
Fig. (7). Chemical structure of: 37 coprogen; 38 coprogen B: 39 fusarinine C; 40 ferricrocin. 
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 Positive effect on plant development have been 
demonstrated for several Trichoderma SMs [107]. 
Koninginins (Fig. 1; 3-7), 6PP (Fig. 1), trichocaranes A – D 
(Fig. 8; 41-44), harzianopyridone (Fig. 2-9), cyclonerodiol 
(Fig. 8-45), harzianolide (Fig. 3-13) and harzianic acid  
(Fig. 2-11) are examples of isolated compounds that affect 
plant growth in a concentration dependent manner [30, 108-
114]. 
 A dual culture fungus/plant provides a simple method of 
establishing their interaction and allows the isolation of 
metabolites induced by one of the two components. 
Interestingly, dual culture of T. harzianum and calli of 
Catharathus roseus produced an antimicrobial metabolite 
called trichosetin (Fig. 8-46), that was absent in single 
cultures. This compound was probably produced by the 
fungus [115]. Trichosetin affected negatively growth and 
development of numerous plant species [116] and is a  
N-desmethyl analogue of equisetin, a tetramic acid isolated 
from Fusarium equiseti [117]. 
 A novel metabolite, named cerinolactone (Fig. 3-16), has 
been isolated and characterized T. cerinum and was able to 
positively alter the growth of tomato seedlings three days 
after treatment [43]. 
 A sterile dark ectotrophic fungus isolated from roots of 
Neurachne alopecuroidea produced 5-hydroxy-1-(3-methyl-
3-buten-1-ynyl)-7-oxabicyclo[4.1.0]-hept-3-en-2-one in liq-
uid cultures (Fig. 8-47). The metabolite showed antimic-
robial activity against some plant pathogens and improve 
plant growth and development, similarly to what found for 
the ectotrophic fungus applied in vivo [118]. 
 The dose-effect response of plant growth to secondary 
metabolites produced by beneficial fungi clearly deserves 
further investigation. These metabolites may possibly act as 
auxin-like molecules, which have a positive effect at low 
concentrations while having an inhibitory effect at higher 
doses. For instance, an hormone activity was detected on  
 
etiolated pea stems treated with harzianolide and 6PP. These 
compounds also affected the growth of tomato and canola 
seedlings in a manner depending on the concentration and/or 
the application method used [94]. 
CONCLUSION 
 Hundreds of SMs produced by beneficial fungi have been 
isolated and characterized. Here we focused only on the 
compounds produced by fungal microorganisms that have 
been involved in the interactions with phytopathogenic 
agents and/or plants having a positive outcome for 
agriculture.  
 In terms of a sheer number, fungal SMs with a direct 
antibiotic activity against plant pathogens have been mainly 
isolated from biocontrol strains of the genus Trichoderma. 
Even though many SMs are known, elite strains usually 
produce only a few main SMs. The quality and the quantity 
of SMs synthesized depend on: i) the compound considered; 
ii) the species and the strain; iii) the occurrence of other 
microorganisms; iv) the equilibrium among elicited 
biosynthesis and biotransformation rate; v) the growth 
conditions. Further, in some cases, the biocontrol agent was 
able to modulate the production of toxic SMs according to 
the presence or the absence of the target pathogen [119]. 
 Interestingly, SMs by beneficial fungi may also be 
involved in biocontrol mechanims through the inhibition of 
bioactive products produced by fungal pathogens. Examples 
of metabolites that inhibit other fungal products or bioactive 
molecules include compounds able to detoxify or inhibit the 
biosynthesis of mycotoxins, which is very harmful for 
humans and animals. Further studies on this interesting topic 
may produce some new biotechnological tools to effectively 
reduce contamination and losses of human food and animal 
feed. 
 It is well recognized that biocontrol fungi, such as 
selected agents of Trichoderma spp., are able to produce  
 
 
Fig. (8). Chemical structure of: 41, 42, 43, 44 trichocaranes A – D; 45 cyclonerodiol; 46 trichosetin; 47 5-hydroxy-1-(3-methyl-3-buten-1-
ynyl)-7-oxabicyclo[4.1.0]-hept-3-en-2-one. 
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compounds with multiple activities, including direct/indirect 
toxic effects against plant pathogens, plant defence induction 
or growth promotion [3]. Several fungal species, as well as 
numerous chemically different substances, have been found 
to be able to modify plant development and crop yield. An 
hormone-like effect has been proposed for some 
Trichoderma SMs and specific antimicrobial compounds 
having this characteristics have been detected in plant-fungus 
cultures. In fact, treatment with Trichoderma metabolites 
produces extensive changes of the plant expressome, 
proteome and metabolome, by acting on specific pathways 
involved in the synthesis of major hormones, resistance to 
biotic/abiotic stresses and nutrient uptake [107]. These recent 
findings have suggested new strategies for the development 
of novel bioformulates based on microbial metabolites alone 
or in combination with live microbes, in order to maximize 
the beneficial effects and reduce the risks associated with the 
release of microrganisms into the environment. 
 The current techniques, such as metabolomics and 
expressomics, could provide novel information about the 
molecular factors involved in the complex interactions 
occurring between plants, beneficial microbes and 
phytopathogenic agents. Nevertheless, it is important to 
continue with the identification of natural compounds that 
are not produced under usual laboratory conditions [120]. 
Therefore, novel techniques developed recently need to be 
used in order to select Trichoderma strains for biocontrol 
that are able to produce only or mainly “beneficial” 
metabolites (i.e. antibiotics not toxic to plants and their 
consumers and/or acting as plant growth promoters and/or 
inducers of disease resistance) [120]. 
 The application of selected metabolites to induce host 
resistance and/or to promote crop yield may be an interesting 
alternative to chemicals. Regardless, further studies aimed at 
conclusively determining the nature and the fate of mixtures 
of SMs released in the soil or the phyllosphere by beneficial 
fungi applied as biocontrol or fertilization agents by 
employing “inundative methods”, are still needed. 
CONFLICT OF INTEREST 
 The authors confirm that this article content has no 
conflict of interest. 
ACKNOWLEDGEMENTS 
 Work by the authors FV and MR was supported by a 
dedicated grant from the Italian Ministry of Economy and 
Finance to the National Research Council for the project 
"Innovazione e Sviluppo del Mezzogiorno - Conoscenze 
Integrate per Sostenibilità ed Innovazione del Made in Italy 
Agroalimentare - Legge n. 191/2009". Work by the authors 
FV, MR, SW, ML, MN, RM, NL, AP, SL and GM has been 
supported by the following projects: Calabria Region APQ 
Projects “S.Re.Va.Pr.O.”, Mis. 124, Projects 
“CA.SVI.PR.OLI.” and “MI.P.RE.VEGE.”; PRIN MIUR 
2008 - prot. 2008SNPNC2 - prot. 2008WKPAWW; FIRB 
2002 prot. RBNE01K2E7; PRIN 2003 prot. 2003070719-
003; MIUR project SICURA; MIUR PON project no. 
DD12935 of 02/08/2002; MIUR PON project no. DD1219 of 
05/10/2004; MIUR PON project no. DD1801 of 31/12/2004; 
MIUR PON project no. DD29156 of 20/04/2011; EU 
TRICHOEST QLK3-2002-02032; EU 2E-BCA2. 
REFERENCES 
[1] Harman GE. Myths and dogmas of biocontrol: changes in 
perceptions derived from research on Trichoderma harzianum T-
22. Plant Dis 2000; 84: 377-93. 
[2] Harman GE, Howell CR, Viterbo A, Chet I, Lorito M. 
Trichoderma species - opportunistic, avirulent plant symbionts. Nat 
Rev Microbiol 2004; 2: 43-56. 
[3] Vinale F, Sivasithamparam K, Ghisalberti EL, Marra R, Woo SL, 
Lorito M. Trichoderma-plant-pathogen interactions. Soil Biol 
Biochem 2008; 40: 1-10. 
[4] Howell CR. Mechanisms employed by Trichoderma species in the 
biological control of plant diseases: the history and evolution of 
current concepts. Plant Dis 2003; 87: 4-10. 
[5] Whipps JM. Microbial interactions and biocontrol in the 
rhizosphere. J Exp Bot 2001; 52: 487-511. 
[6] Herbert RB. The biosynthesis of secondary metabolites. 2nd Ed. 
London: Chapman & Hall; Horsfall 1989. 
[7] Keller NP, Turner G, Bennett JW. Fungal secondary metabolism — 
from biochemistry to genomics. Nat Rev Microbiol 2005; 3: 937-
47. 
[8] Demain AL, Fang A. The natural functions of secondary 
metabolites. Adv Biochem Eng Biot 2000; 69: 1-39. 
[9] Chiang Y, Lee K, Sanchez JF, Keller NP, Wang CCC. Unlocking 
fungal cryptic natural products. Nat Prod Commun 2009; 4: 1505-
10. 
[10] Hanson JR. Natural products: the secondary metabolites. Vol. 17 
Ed. Cambridge: Royal Society of Chemistry 2003. 
[11] Hanson JR. The chemistry of fungi. Ed. Cambridge: Royal Society 
of Chemistry 2008. 
[12] Fleming, A. On the antibacterial action of cultures of a Penicillium, 
with special reference to their use in the isolation of B. influenzae. 
Brit J Exp Pathol 1929; 10: 226-36. 
[13] Ruegger A, Kuhn M, Lichti H. Cyclosporin A, a peptide metabolite 
from Trichoderma polysporum (Link ex Pers.) Rifai, with a 
remarkable immunosuppressive activity. Helv Chim Acta 1976; 59: 
1075-92. 
[14] Endo A, Kuroda M, Tsujita Y. ML-236A, ML-236B, and ML-
236C, new inhibitors of cholesterogenesis produced by Penicillium 
citrinium. J Antibiot 1976; 29: 1346-8. 
[15] Endo A, Monacolin K. A new hypocholesterolemic agent produced 
by a Monascus species. J Antibiot 1979; 32: 852-4. 
[16] Alberts AW. Mevinolin: a highly potent competitive inhibitor of 
hydroxymethylglutaryl-coenzyme A reductase and a cholesterol-
lowering agent. Proc Natl Acad Sci USA 1980; 77: 3957-61. 
[17] Sammartino G, Trosino O, di Lauro AE, Amato M, Cioffi A. Use 
of piezosurgery din management of surgical dental implant 
complication: a case report. Implant Dent 2011; 20: e1-6. 
[18] Fravel DR. Role of antibiosis in the biocontrol of plant diseases. 
Annu Rev Phytopathol 1988; 26: 75-91. 
[19] Howell CR. The role of antibiosis in biocontrol. In: Trichoderma 
and Gliocladium, Vol. 2, Harman GE, Kubicek CP (Eds). Taylor 
and Francis Ltd: London UK 1998; pp. 139-91. 
[20] Sivasithamparam K, Ghisalberti EL. Secondary metabolism in 
Trichoderma and Gliocladium. In: Trichoderma and Gliocladium, 
Vol. 1, Harman GE, Kubicek CP (Eds). Taylor and Francis Ltd: 
London UK 1998: pp. 139-91. 
[21] Reino JL, Guerrero RF, Hernández-Galán R, Collado IG. 
Secondary metabolites from species of the biocontrol agent 
Trichoderma. Phytochem Rev 2008; 7: 89-123. 
[22] Ghisalberti EL. Anti-infective agents produced by the 
hyphomycetes genera Trichoderma and Glioclaudium. Curr Med 
Chem 2002; 1: 343-74. 
[23] Scarselletti R, Faull JL. In Vitro activity of 6-pentyl-a-pyrone, a 
metabolite of Trichoderma harzianum, in the inhibition of 
Rhizoctonia solani and Fusarium oxysporum f. sp. lycopersici. 
Mycol Res 1994; 98:1207-09. 
[24] Worasatit N, Sivasithamparam K, Ghisalberti EL, Rowland C. 
Variation in pyrone production, pectic enzymes and control of 
rhizoctonia root rot of wheat among single-spore isolates of 
Trichoderma koningii. Mycol Res 1994; 98: 1357-63. 
Trichoderma Secondary Metabolites Active The Open Mycology Journal, 2014, Volume 8     137 
[25] Reithner B, Brunner K, Schuhmacher R, et al. The G protein alpha 
subunit Tga1 of Trichoderma atroviride is involved in chitinase 
formation and differential production of antifungal metabolites. 
Fungal Genet Biol 2005; 42: 749-60. 
[26] Rubio MB, Hermosa R, Reino JL, Collado IG, Monte E. Thctf1 
transcription factor of Trichoderma harzianum is involved in 6-
pentyl-2H-pyran-2-one production and antifungal activity. Fungal 
Genet Biol 2009; 46: 17-27 
[27] Daoubi M, Pinedo-Rivilla C, Rubio MB, et al. Hemisynthesis and 
absolute configuration of novel 6-pentyl-2H-pyran-2-one 
derivatives from Trichoderma spp. Tetrahedron 2009; 69: 4834-40. 
[28] Takahiro I, Nonaka K, Suga T, Masuma R, Omura S, Shiomi K. 
Cytosporone S with antimicrobial activity, isolated from the fungus 
Trichoderma sp. FKI-6626. Bioorg Med Chem Lett 2013; 23: 679-
81. 
[29] Almassi F, Ghisalberti EL, Narbey MJ, Sivasithamparam K. New 
antibiotics from strains of Trichoderma harzianum. J Nat Prod 
1991; 54: 396-402. 
[30] Ghisalberti EL, Rowland CY. Antifungal metabolites from 
Trichoderma harzianum. J Nat Prod 1993; 56: 1799-804. 
[31] Dunlop RW, Simon A, Sivasithamparam K, Ghisalberti EL. An 
antibiotic from Trichoderma koningii active against soilborne plant 
pathogens. J Nat Prod 1989; 52: 67-74. 
[32] Golder WS, Watson TR. Lanosterol derivatives as precursors in the 
biosynthesis of viridin. Part 1. J Chem Soc Perkin Trans 1980; 1: 
422-5. 
[33] Singh S, Dureja P, Tanwar RS, Singh A. Production and antifungal 
activity of secondary metabolites of Trichoderma virens. Pestic Res 
J 2005; 17: 26-9. 
[34] Brian PW, McGowan JC. Viridin: a highly fungistatic substance 
produced by Trichoderma viride. Nature 1945; 156: 144-5. 
[35] Moffatt JS, Bu’Lock JD, Yuen TH. Viridiol, a steroid-like product 
from Trichoderma viride. J Chem Soc Chem Commun 1969; 14: 
839. 
[36] Howell CR, Stipanovic RD. Effect of sterol biosynthesis inhibitors 
on phytotoxin (viridiol) production by Gliocladium virens in 
culture. Phytopathology 1994; 84: 969-72. 
[37] Mukherjee M, Horwitz BA, Sherkhane PD, Hadar R, Mukherjee 
PK. A secondary metabolite biosynthesis cluster in Trichoderma 
virens: evidence from analysis of genes underexpressed in a mutant 
defective in morphogenesis and antibiotic production. Curr Genet 
2006; 50: 193-202. 
[38] Dickinson JM, Hanson JR, Hitchcock PB, Claydon N. Structure 
and biosynthesis of harzianopyridone, an antifungal metabolite of 
Trichoderma harzianum. J Chem Soc Perkin Trans 1989; 1: 1885-
7. 
[39] Vinale F, Marra R, Scala F, Ghisalberti EL, Lorito M, 
Sivasithamparam K. Major secondary metabolites produced by two 
commercial Trichoderma strains active against different 
phytopathogens. Lett App Microbiol 2006; 43: 143-8. 
[40] Vinale F, Flematti G, Sivasithamparam K, et al. Harzianic acid, an 
antifungal and plant growth promoting metabolite from 
Trichoderma harzianum. J Nat Prod 2009; 72: 2032-5. 
[41] Claydon N, Hanson JR, Truneh A, Avent AG. Harzianolide, a 
butenolide metabolite from cultures of Trichoderma harzianum. 
Phytochemistry 1991; 30: 3802- 3. 
[42] Ordentlich A, Wiesman Z, Gottlieb HE, Cojocaru M, Chet I. 
Inhibitory furanone produced by the biocontrol agent Trichoderma 
harzianum. Phytochemistry 1992; 31: 485-6. 
[43] Vinale F, Arjona GI, Nigro M, et al. Cerinolactone, a hydroxy-
lactone derivative from Trichoderma cerinum. J Nat Prod 2012; 75: 
103-6. 
[44] Pyke TR, Dietz A. U-21,963, a new antibiotic. I. Discovery and 
biological activity. Appl Microbiol 1966; 14: 506-10 
[45] Meyer CE. U-21,963, a new antibiotic. II. Isolation and 
characterization. Appl Microbiol 1966; 14: 511-2. 
[46] Tamura A, Kotani H, Naruto S. Trichoviridin and dermadin from 
Trichoderma sp. TK-1. J Antibiot 1975; 28: 161-2. 
[47] Fujiwara A, Okuda T, Masuda S, et al. Isonitrile antibiotics, a new 
class of antibiotics with an isonitrile group. I. Fermentation, 
isolation and characterization of isonitrile antibiotics. Agric Biol 
Chem 1982; 46: 1803-9. 
[48] Coats JH, Meyer CE, Pyke TR, inventor ; Antibiotic dermadin. US 
Patent 3627882, 14 Dec 1971. 
[49] Nobuhara M, Tazima H, Shudo K, Itai A, Okamoto T, Iitaka Y. A 
fungal metabolite, novel isocyano epoxide. Chem Pharm Bull 
1976; 24: 832-4. 
[50] Yamano T, Hemmi S, Yamamoto I, Tsubaki K, inventor; 
Trichoviridin, a new antibiotic. JP Patent 45015435, 29 May 1970. 
[51] Howell CR. Selective isolation from soil and separation in vitro of 
P and Q strains of Trichoderma virens with differential media. 
Mycologia 1999; 91: 930-4. 
[52] Howell CR. Biological control of Pythium damping off of cotton 
with seed coating preparations of Gliocladium virens. 
Phytopathology 1991; 81: 738-41. 
[53] Howell CR, Stipanovic RD, Lumsden RD. Antibiotic production 
by strains of Gliocladium virens and its relation to the biocontrol of 
cotton seedling diseases. Biocontrol Sci Techn 1993; 3: 435-41. 
[54] Mukherjee PK, Kenerley CM. Regulation of morphogenesis and 
biocontrol properties in Trichoderma virens by a VELVET protein, 
Vel1. Appl Environ Microbiol 2010; 76: 2345-52. 
[55] Mukherjee PK, Horwitz BA, Herrera-Estrella A, Schmoll M, 
Kenerley CM. Trichoderma research in the genome era. Annu Rev 
Phytopathol 2013; 51:105-29. 
[56] Velazquez-Robledo R, Contreras-Cornejo H, Macias-Rodriguez LI, 
et al. Role of the 4-phosphopantetheinyl transferase of 
Trichoderma virens in secondarymetabolism, and induction of 
plant defense responses. Mol Plant-Microbe Interact 2011; 24: 
1459-71. 
[57] Daniel JF, Filho ER. Peptaibols of Trichoderma. Nat Prod Rep 
2007; 24: 1128-41. 
[58] Lorito M, Farkas V, Rebuffat S, Bodo B, Kubicek CP. Cell wall 
synthesis is a major target of mycoparasitic antagonism by 
Trichoderma harzianum. J Bacteriol 1996; 178: 6382-5. 
[59] Degenkolb T, Gräfenhan T, Berg A, Nirenberg HI, Gams W, 
Brückner H. Peptaibiomics: screening for polypeptide antibiotics 
(Peptaibiotics) from plant-protective Trichoderma species. Chem 
Biodivers 2006; 3: 593-610. 
[60] Neuhof T, Dieckmann R, Druzhinina IS, Kubicek CP, von Dohren 
H. Intact-cell MALDI-TOF mass spectrometry analysis of 
peptaibol formation by the genus Trichoderma/Hypocrea: can 
molecular phylogeny of species predict peptaibol structures? 
Microbiology 2007; 153: 3417-37. 
[61] Szekeres A, Leitgeb B, Kredics L, et al. Peptaibols and related 
peptaibiotics of Trichoderma. Acta Microbiol Immunol Hung 
2005; 52: 137-68. 
[62] Di Pietro A, Gut-Rella M, Pachlatko JP, Schwinn FJ. Role of 
antibiotics produced by Chaetomium globosum in biocontrol of 
Pythium ultimum, a causal agent of damping-off. Phytopathology 
1992; 82: 131-5. 
[63] Morris RAC, Ewing D, Whipps JM, Coley-Smith JR. Antifungal 
hydroxymethyl phenols from the mycoparasite Verticillium 
biguttatum. Phytochemistry 1995; 39: 1043-8. 
[64] McQuilken MP, Gemmell J, Hill RA, Whipps JM. Production of 
macrosphelide A by the mycoparasite Coniothyrium minitans. 
FEMS Microbiol Lett 2003; 219: 27-31. 
[65] Machida K, Trifonov LS, Ayer WA, et al. 3(2H)-Benzofuranones 
and chromanes from liquid cultures of the mycoparasitic fungus 
Coniothyrium minitans. Phytochemistry 2001; 58: 173-7. 
[66] Krohn K, Franke C, Jones PG, Aust HJ, Draeger S, Schulz B. 
Biologically active metabolites of fungi, I. Isolation, synthesis, and 
biological activity of coniothyriomycin as well as bioassay of 
analogous open-chain imides. Liebigs Ann Chem 1992; 8: 789-98. 
[67] Thines E, Anke H, Weber RW. Fungal secondary metabolites as 
inhibitors of infection-related morphogenesis in phytopathogenic 
fungi. Mycol Res 2004; 108:14-25. 
[68] Thines E, Eilbert F, Sterner O, Anke H. Glisoprenin A, an inhibitor 
of the signal transduction pathway leading to appressorium 
formation in germinating conidia of Magnaporthe grisea on 
hydrophobic surfaces. FEMS Microbiol Lett 1997; 151: 219-24. 
[69] Sterner O, Thines E, Eilbert F, Anke H. Glisoprenins C, D and E, 
new inhibitors of appressorium formation in Magnaporthe grisea 
from cultures of Gliocladium roseum. J Antibiot 1998; 51: 228-31. 
[70] Eilbert F, Anke H, Sterner O. Neobulgarones A-F from cultures of 
Neobulgaria pura, new inhibitors of appressorium formation in 
Magnaporthe grisea. J Antibiot 2000; 53: 1123-9. 
[71] Thines E, Anke H, Sterner O. Scytalols A, B, C, and D and other 
modulators of melanin biosynthesis from Scytalidium sp. 36-93. J 
Antibiot 1997; 51: 387-93. 
138     The Open Mycology Journal, 2014, Volume 8 Vinale et al. 
[72] Sano Y, Nomura S, Kamio Y, Omura S, Hata T. Studies on 
cerulenin. 3. Isolation and physicochemical properties of cerulenin. 
J Antibiot 1967; 20: 344-8. 
[73] Karlovsky P. Biological detoxification of fungal toxins and its use 
in plant breeding, feed and food production. Nat Toxins1999; 7: 1-
23. 
[74] Mann R, Rehm HJ. Degradation products from aflatoxin B1 by 
Corynebacterium rubrum, Aspergillus niger, Trichoderma viride, 
and Mucor ambiguus. Eur J Appl Microbiol 1976; 2: 297-306. 
[75] Aloj V, Vinale F, Woo S, et al. Use of a Trichoderma spp. enzyme 
mixture to increase feed digestibility and degrade mycotoxins. J 
Plant Pathol 2009; 91: S4.45-96. 
[76] Sakuno E, Yabe K, Hamasaki T, Nakajima HA. New inhibitor of 
5’-hydroxyaverantin dehydrogenase, an enzyme involved in 
aflatoxin biosynthesis, from Trichoderma hamatum. J Nat Prod 
2000; 63: 1677-8. 
[77] Wipf P, Kerekes AD. Structure reassignment of the fungal 
metabolite TAEMC161 as the phytotoxin viridiol. J Nat Prod 2003; 
66: 716-871. 
[78] Elad Y. Mechanisms involved in the biological control of Botrytis 
cinerea incited diseases. Eur J Plant Pathol 1996; 102: 719-32. 
[79] Elad Y, Kapat A. 1999. The role of Trichoderma harzianum 
protease in the biocontrol of Botrytis cinerea. Eur J Plant Pathol 
1999; 105:177-89. 
[80] Miethke M. Molecular strategies of microbial iron assimilation: 
from high-affinity complexes to cofactor assembly systems. 
Metallomics 2013; 5: 15-28. 
[81] Winkelmann G. Ecology of siderophores with special reference to 
the fungi. Biometals 2007; 20: 379-92. 
[82] Johnson L. Iron and siderophores in fungal-host interactions. 
Mycol Res 2008; 112: 170-83. 
[83] Miethke M, Marahiel MA. Siderophore-based iron acquisition and 
pathogen control. Microbiol Mol Biol R 2007; 71: 413-51. 
[84] Leong J. Siderophores: their biochemistry and possible role in the 
biocontrol of plant pathogens. Annu Rev Phytopathol 1986; 24: 
187-209. 
[85] Renshaw JC, Robson GD, Trinci APJ, et al. Fungal siderophores: 
structures, functions and applications. Mycol Res 2002; 106: 1123-
42. 
[86] Anke H, Kinn J, Bergquist KE, Sterner O. Production of 
siderophores by strains of the genus Trichoderma - isolation and 
characterization of the new lipophilic coprogen derivative, 
palmitoylcoprogen. Biometals 1991; 4: 176-80. 
[87] Segarra G, Casanova E, Avilès M, Trillas I. Trichoderma 
asperellum strain T34 controls Fusarium wilt disease in tomato 
plants in soilless culture through competition for iron. Microb Ecol 
2010; 59: 141-9. 
[88] de Santiago A, Quintero JM, Avilés M, Delgado A. Effect of 
Trichoderma asperellum strain T34 on iron nutrition in white lupin. 
Soil Biol Biochem 2009; 41: 2453-9. 
[89] Lehner SM, Atanasova L, Neumann NK, et al. Isotope-assisted 
screening for iron-containing metabolites reveals high diversity 
among known and unknown siderophores produced by 
Trichoderma spp. Appl Environ Microbiol 2013; 79: 18-31. 
[90] Vinale F, Nigro N, Sivasithamparam K, et al. Harzianic acid: a 
novel siderophore from Trichoderma harzianum. FEMS Microbiol 
Lett 2013; (In Press doi: 10.1111/1574-6968.12231). 
[91] Lotan T, Fluhr R. Xylanase, a novel elicitor of pathogenesis-related 
proteins in tobacco, uses a nonethylene pathway for induction. 
Plant Physiol 1990; 93: 811-7. 
[92] Woo SL, Scala F, Ruocco M, Lorito M. The molecular biology of 
the interactions between Trichoderma spp., phytopathogenic fungi, 
and plants. Phytopathology 2006; 96: 181-5. 
[93] Woo SL, Lorito M. In: Vurro M, Gressel J, Ed. Novel 
biotechnologies for biocontrol agent enhancement and 
management. Amsterdam: IOS, Springer Press. 2007; 107-30. 
[94] Vinale F, Sivasithamparam K, Ghisalberti EL, et al. A novel role 
for Trichoderma secondary metabolites in the interactions with 
plants. Physiol Mol Plant P 2008; 72: 80-6. 
[95] El-Hasan A, Buchenauer H. Actions of 6-pentyl-alpha-pyrone in 
controlling seedling blight incited by Fusarium moniliforme and 
inducing defence responses in maize. J Phytopathol 2009; 157: 
697-707. 
[96] Engelberth J, Koch T, Schuler G, Bachmann N, Rechtenbach J, 
Boland W. Ion channel-forming alamethicin is a potent elicitor of 
volatile biosynthesis and tendril coiling. Cross talk between 
jasmonate and salicylate signaling in lima bean. Plant Physiol 
2000; 125: 369-77. 
[97] Chen F, D’Auria JC, Tholl D, et al. An Arabidopsis thaliana gene 
for methylsalicylate biosynthesis, identified by a biochemical 
genomics approach, has a role in defence. Plant J 2003; 36: 577-88. 
[98] Viterbo A, Wiest A, Brotman Y, Chet I, Kenerley C. The 18mer 
peptaibols from Trichoderma virens elicit plant defence responses. 
Mol Plant Pathol 2007; 8: 737-46. 
[99] Mukherjee PK, Buensanteai N, Moran-Diez ME, Druzhinina IS, 
Kenerley CM. Functional analysis of non-ribosomal peptide 
synthetases (NRPSs) in Trichoderma virens reveals a polyketide 
synthase (PKS)/NRPS hybrid enzyme involved in the induced 
systemic resistance response in maize. Microbiology 2012; 158: 
155-65. 
[100] Chang YC, Baker R, Kleifeld O, Chet I. Increased growth of plants 
in the presence of the biological control agent Trichoderma 
harzianum. Plant Dis 1986; 70: 145-8. 
[101] Harris AR. Plant growth promotion by binucleate Rhizoctonia and 
bacterial isolates in monoxenic cultures. Microbiol Res 1999; 154: 
71-4. 
[102] Shivanna MB, Meera MS, Hyakumachi M. Role of root 
colonization ability of plant growth promoting fungi in the 
suppression of take all and common root rot of wheat. Crop Protec 
1996; 15: 497-504. 
[103] Windham MT, Elad Y, Baker R. A mechanism for increased plant 
growth induced by Trichoderma spp. Phytopathology 1986; 76: 
518-21. 
[104] Wulff EG, Pham ATH, Chérif M, Rey P, Tirilly Y, Hockenhull J. 
Inoculation of cucumber roots with zoospores of mycoparasitic and 
plant pathogenic Pythium species: differential zoospore 
accumulation, colonization ability and plant growth response. 
Europ J Plant Pathol 1998; 104: 69-76. 
[105] Contreras-Cornejo HA, Macìas-Rodrìguez L, Cortés-Penagos C, 
López-Bucio J. Trichoderma virens, a plant beneficial fungus, 
enhances biomass production and promotes lateral root growth 
through an auxin-dependent mechanism in Arabidopsis. Plant 
Physiol 2009; 149: 1579-92. 
[106] Hoyos-Carvajal L, Orduz S, Bissett J. Growth stimulation in bean 
(Phaseolus vulgaris L.) by Trichoderma. Biol Control 2009; 51: 
409-16. 
[107] Vinale F, Sivasithamparam K, Ghisalberti EL, Ruocco M, Woo S, 
Lorito M.. Trichoderma secondary metabolites that affect plant 
metabolism. Nat Prod Commun 2012; 7: 1545-50. 
[108] Cutler HG, Cox RH, Crumley FG, Cole PD. 6-Pentyl-a-pyrone 
from Trichoderma harzianum: its plant growth inhibitory and 
antimicrobial properties. Agr Biol Chem Tokyo 1986; 50: 2943-5. 
[109] Cutler HG, Himmetsbach DS, Arrendale RF, Cole PD, Cox RH. 
Koninginin A: a novel plant regulator from Trichoderma koningii. 
Agr Biol Chem Tokyo 1989; 53: 2605-11. 
[110] Parker SR, Cutler HG, Jacyno JM, Hill RA. Biological activity of 
6-pentyl-2H-pyran-2-one and its analogs. J Agri Food Chem 1997; 
45: 2774-6. 
[111] Parker SR, Cutler HG, Schreiner PR. Koninginin C: a biologically 
active natural product from Trichoderma koningii. Biosci Biotech 
Bioch 1995; 59: 1126-7. 
[112] Macías FA, Varela RM, Simonet AM, et al. Bioactive carotanes 
from Trichoderma virens. J Nat Prod 2000; 63: 1197-200. 
[113] Cutler HG, Jacyno JM. Biological activity of (-)-harzianopyridone 
isolated from Trichoderma harzianum. Agr Biol Chem Tokyo 
1991; 55: 2629-31. 
[114] Cutler HG, Jacyno JM, Phillips RS, von Tersch RL, Cole PD, 
Montemurro N. Cyclonerodiol from a novel source, Trichoderma 
koningii: plant growth regulatory activity. Agr Biol Chem Tokyo 
1991; 55: 243-4. 
[115] Marfori EC, Kajiyama S, Fukusaki E, Kobayashi A. Trichosetin, a 
novel tetramic acid antibiotic produced in dual culture of 
Trichoderma harzianum and Catharanthus roseus callus. Z 
Naturforsch C 2002; 57: 465-70. 
[116] Marfori EC, Kajiyama S, Fukusaki E, Kobayashi A. Phytotoxicity 
of the tetramic acid metabolite trichosetin. Phytochemistry 2003; 
62: 715-21. 
[117] Vedonder RF, Tjarks LW, Rohwedder WK, Burmeister HR, Laugal 
JA. Equisetin, an antibiotic from Fusarium equiseti NRRL 5537, 
identified as a derivative of n-methyl-2,4-pyrollidone. J Antibiotics 
1979; 32: 759-61. 
Trichoderma Secondary Metabolites Active The Open Mycology Journal, 2014, Volume 8     139 
[118] Kim H, Vinale F, Ghisalberti EL, et al. An antifungal and plant 
growth promoting metabolite from a sterile dark ectotrophic 
fungus. Phytochemistry 2006; 67: 2277-80. 
[119] Vinale F, Ghisalberti EL, Sivasithamparam K, et al. Factors 
affecting the production of Trichoderma harzianum secondary 
metabolites during the interaction with different plant pathogens. 
Let Appl Microbiol 2009; 48: 705-11. 
[120] Mukherjee PK, Horwitz BA, Kenerley CM. Secondary metabolism 
in Trichoderma - a genomic perspective. Microbiology 2012; 158: 
35-45. 
 
Received: November 21, 2013 Revised: January 07, 2014 Accepted: March 31, 2014 
© Vinale et al.; Licensee Bentham Open. 
 
This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/ 
licenses/by-nc/3.0/), which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the work is properly cited. 
